Introduction
Dense maps of markers are currently available for both linkage studies and family-based association studies [1] [2] [3] [4] . A number of programs allow for the generation of genotype data, with the markers in linkage equilibrium conditional or unconditional on the disease phenotype (i.e. SIMLINK [5] , ALLEGRO [6] , SLINK [7] ) or only generate genotype data unconditional on the disease phenotype (i.e. SIMULATE [8, 9] , MERLIN [10] ). Although the ALLEGRO program can generate genotype data for a large number of marker loci, it is limited to simulating genotype data for small to medium sized pedigree structures. MERLIN, SLINK, SIMLINK and SIMULATE can all generate genotype data for large pedigree structures. While MERLIN and SIMULATE are both able to generate genotype data for a large number marker loci, the SIMLINK and SLINK programs are both limited in the number of markers for which they can generate genotype data. Besides being able to generate genotype data the SLINK program [10] can also generate haplotype data where the markers are in linkage disequilibrium either conditional or unconditional on the disease phenotype. However, the SLINK program is restricted to generating
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Abstract
With the widespread availability of SNP genotype data, there is great interest in analyzing pedigree haplotype data. Intermarker linkage disequilibrium for microsatellite markers is usually low due to their physical distance; however, for dense maps of SNP markers, there can be strong linkage disequilibrium between marker loci. Linkage analysis (parametric and nonparametric) and family-based association studies are currently being carried out using dense maps of SNP marker loci. Monte Carlo methods are often used for both linkage and association studies; however, to date there are no programs available which can generate haplotype and/or genotype data consisting of a large number of loci for pedigree structures. SimPed is a program that quickly generates haplotype and/or genotype data for pedigrees of virtually any size and complexity. Marker data either in linkage disequilibrium or equilibrium can be generated for greater than 20,000 diallelic or multiallelic marker loci. Haplotypes and/or genotypes are generated for pedigree structures using specifi ed genetic map distances and haplotype and/or allele frequencies. The simulated data generated by SimPed is useful for a variety of purposes, including evaluating methods that estimate haplotype frequencies for pedigree data, evaluating type I data for a very small number of marker loci. For restricted pedigree structures (i.e. 3 generations with 3 sibships with each sibship containing 2-10 individuals and nuclear families) the SIMLA program [11] can generate marker data in linkage disequilibrium or linkage equilibrium. The markers generated can either be in linkage equilibrium or disequilibrium with the simulated susceptibility locus, and the marker loci and the susceptibility locus may be generated either linked or unlinked to each other. The SIMLA program simulates one susceptibility locus for each pedigree and uses specifi ed penetrances to determine the affection status of the pedigree members. Due to the limitation on pedigree structure and simulation of the susceptibility locus, for most situations it is not possible to generate data for ascertained pedigree structures using the SIMLA program; it would therefore, for example not usually be possible to generate data using SIMLA to estimate empirical p values.
Currently SimPed is the only available program that can generate haplotypes and/or genotypes for a large number of marker loci regardless of the pedigree structure. Previously, microsatellite markers were employed for nearly all linkage studies [12, 13] . In most cases, for genome scan data consisting of microsatellite data, the amount of intermarker linkage disequilibrium between marker loci is negligible and it is usually valid to carry out linkage analysis assuming that the markers are in linkage equilibrium. For this situation it is usually appropriate to carry out simulation studies with the marker loci in linkage equilibrium. Currently many linkage studies carry out genome scans using dense maps [1, 4] of single nucleotide polymorphism (SNP) marker loci instead of using microsatellite marker loci. Additionally, family based association studies are carried out using dense maps of SNP marker throughout the genome or within candidate regions [2, 14] . For these dense maps of SNP marker loci there can be high levels of intermarker linkage disequilibrium. In order to simulate data which is representative of these dense maps of marker loci, it is important to be able to generate a large number of marker loci in linkage disequilibrium or a mixture of markers in linkage disequilibrium and linkage equilibrium for pedigree data. In order to meet this need the SimPed program was developed.
The data generated by the SimPed program can be used for a variety of analysis purposes. A few examples of how the data generated by SimPed can be used include: evaluating methods that estimate haplotype frequencies for pedigree data, assessing type I error due to intermarker linkage disequilibrium and estimating empirical p values for linkage and family-based association studies.
Methods
The SimPed program generates haplotype and/or genotype data for pedigree structures unconditional on the disease/quantitative trait status. Haplotype and/or genotype data can be generated either for the autosomes or the X chromosome. The pedigrees for which haplotype and/or genotype data is generated may be very large ( 1 2,500 individuals) and may contain multiple consanguinity and marriage loops. Haplotypes and their frequencies are user-specifi ed and can be either estimated from the investigator's data or from other sources such as the International HapMap project (www.hapmap.org) [14] . For genotype data, allele frequencies must be provided which can either be estimated from the user's data or obtained from public sources. It is possible to generate haplotypes or genotypes or a combination of haplotypes and genotypes for 1 20,000 marker loci, thus making it possible to simulate an entire chromosome or genome worth of marker loci. These loci can either be diallelic markers (e.g. SNPs) or multiallelic markers (e.g. microsatellites). Intermarker recombination or genetic map distances can be incorporated into the simulation of the haplotype and/or genotype data. The user provides intermarker recombination fractions or genetic map distances obtained from genetic maps [1, 3] or through interpolation. If no genetic map is available for the markers of interest, SNP marker loci can be ordered based upon their sequence-based physical map position and then interpolated onto a genetic map -for example, the Rutgers Combined Linkage-Physical Map [3] or the DeCode genetic map [13, 15] .
The user must provide the SimPed program with two fi les. One fi le contains the pedigree structure(s) in standard linkage format (e.g. GENEHUNTER [16] ) with or without a disease/quantitative trait locus. Additional column(s) in this fi le denote for which marker loci data is available. The parameter fi le contains information on genetic map distances/intermarker recombination fractions, haplotype and allele frequencies, and the number of replicates to be simulated. It is possible to effi ciently specify genetic map distances and haplotype and allele frequencies for thousands of marker loci due to the format of the parameter fi le. The SimPed program is fl exible, and it is possible to acquire haplotypes/genotypes for only a subset of family members or make unknown the genotypes for a subset of marker(s) for specifi ed family members.
The program can be used to simulate data for large pedigrees; for example, both haplotype and genotype data was generated for a 6-generational pedigree with 2,827 members of which 472 family members were founders. The SimPed program was also used to generate haplotypes and genotypes for a pedigree with 11 consanguinity loops.
The SimPed program generates haplotype and/or genotype data for pedigrees as follows. For the autosomes all of the founders within the pedigree are assigned two haplotypes and/or two alleles conditional on the user specifi ed frequencies for all of the marker loci. Once assignment is completed, each founder has two haplotypes. Starting at the top of the pedigree structure, the fi rst offspring of the founder is randomly assigned one of the founder's haplotypes. The allele at the fi rst marker from this haplotype is assigned to the offspring. It is then determined, based upon the genetic map, whether a recombination event has occurred between the fi rst and second marker loci. If with probability a recombination event has occurred, then at the second marker locus the allele from the founder's other haplotype is assigned to the offspring. If a recombination event has not occurred with probability (1 -) then the allele from 121 the founder's same haplotype is assigned at the second marker locus. This procedure is repeated until alleles for all markers' loci have been assigned from one founder to their offspring. The process is then repeated, this time assigning alleles to the offspring from their other parent. This procedure varies slightly for the simulation of marker loci on the X chromosome. Since males are hemizygous all founder males are allocated one haplotype and/or allele conditional on the specifi ed frequencies for all of the marker loci. Once assignment is complete for all marker loci the haplotype is duplicated, since the standard LINKAGE pedigree fi le format is for males to be homozygous for all genotypes on the X chromosome. The haplotypes for the X chromosome for the founder females are determined using the same method as was applied for the autosomes. For non-founder males it is decided where recombination events occurred between the two maternal haplotypes as was done for the autosomes. Once the haplotype for the non-founder male is determined it is then duplicated. For female non-founders one paternal haplotype is assigned and the maternal haplotype is determined in exactly the same way as it was accomplished for the autosomes. In this manner, the haplotypes fl ow down the pedigree tree as all non-founders are assigned haplotypes conditional on parental haplotypes. Once all individuals within the pedigree have been assigned haplotypes, for those individuals/marker loci for which it was specifi ed that they are unavailable, the genotypes are made unknown (i.e. 0 0).
Results and Discussion
Benchmarks were carried out for a variety of pedigree structures. For each pedigree structure both haplotype and genotype data were generated. For the haplotype data 50 diallelic marker loci defi ning a total of 20 haplotypes were generated. Additionally for each pedigree structure 50 diallelic marker loci were generated. In order to compare the speed of SIMPED with SLINK [7] , genotype and haplotype data was generated for three diallelic marker loci, since it is not possible to generate data for 50 marker loci using SLINK. The pedigrees structures for which data was generated ( table 1 ) included a small three-generational pedigree with 16 pedigree members (pedigree 1), a pedigree with 11 consanguinity loops (pedigree 2) and a pedigree with 2,827 members (pedigree 3). For each analysis 1,000 replicates were generated on a computer with a Xeon 3.0 GHz processor and 4 GB of RAM running under Red Hat (v9.0) Linux operating system. The SimPed program runs extremely quickly ( table 1 ) ; for example, for 50 marker loci haplotype type data was generated for the 16-member pedigree 1 in 0.73 seconds and genotype data was generated in 0.75 seconds. To generate genotype data for 50 marker loci for the same pedigree structure it took SIMULATE [8, 9] 1.29 seconds. Consanguineous pedigree 2 took 2.16 seconds for SimPed to generate haplotype data for 1,000 replicates. Due to its size it took considerably longer to generate data for pedigree 3; haplotype data was generated for 1,000 replicates in less than 4 minutes. For the pedigree 1 it took SimPed 0.13 seconds to generate 1,000 replicates for both haplotype and genotype data for the three marker loci. To generate data for three marker loci for pedigree 1 it took SLINK 4.8 and 8.9 seconds to simulate genotype and haplotype data, respectively.
The SimPed program generates both genotype and haplotype data unconditional on the disease status or quantitative trait. The data generated by the program can be used for a variety of purposes including the evaluation of type I error and the estimation of empirical p values. When estimating empirical p values, the data is generated under the null hypothesis. For a linkage study the null hypothesis is that the disease locus is unlinked ( = 0.0) to the map of marker loci. For an association study the null hypothesis is that there is no linkage disequilibrium between the disease locus and the map of marker loci. Usually when genome-wide empirical p values are estimated, marker loci are generated with the same allele frequencies and genetic distance as those marker used in the linkage study. Many replicates of the marker data are generated using the same analyses and phenotype defi nitions that were implemented in the original linkage study. For example, if three diagnostic schemes were used in the analysis and both parametric and non-parametric methods were carried out using GENEHUNTER [16] , the GENEHUNTER program would be employed to analyze the simulated data in the exact same way it was implemented for the analysis of the original data set. It is then observed under no linkage what proportion of replicates had a resulting statistic (e.g. LOD score, NPL score) that is equal to or greater than the statistic that was observed in the original linkage study. When estimating small p values a large number of replicates must be analyzed in order to provide an accurate estimate. Although it is pos- [16] , ALLEGRO [6] , SIMWALK2 [18, 19] ), since it is well known that missing parental genotypes can increase type I error in the presents of intermarker linkage disequilibrium [20] . An underestimation of empirical p values can occur if marker genotypes are analyzed that have been generated under the false assumption of intermarker equilibrium, thus leading to an underestimation of type I error rates. In addition to evaluating empirical p values for linkage studies, the SimPed program can be used for empirical p values estimation when studies are carried out using family-based association methods.
Availability of Software
The SimPed program is written in C. The source code, complied versions which can be run under Linux, Unix or Windows operating systems, user manual and sample data sets are available at http://www.hgsc.bcm.tmc.edu/ genemapping.
